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ABSTRACT 
 
Large-span steel frame structures prove to be an ideal choice for their speed of construction, relatively low cost, 
strength, durability and structural design flexibility. For this type of structure, the beam-column connections are 
critical for its structural integrity and overall stability. This is because a steel frame generally fails first at its 
connectors, due to the change in stress redistribution with adjacent members and material related failures, 
caused by various factors such as fire, seismic activity or material deterioration. Since particular attention is 
required at a steel frame’s connection points, this study explores the applicability of a comprehensive structural 
health monitoring (SHM) method to identify early damage and prolong the lifespan of connection points of steel 
frames. An impact hammer test was performed on a scale-model steel frame structure, recording its dynamic 
response to the hammer strike via an accelerometer. The testing procedure included an intact scenario and two 
damage scenarios by unfastening four bolt connections in an accumulating order. Based entirely on time-domain 
experimental data for its calibration, an Auto Regressive Average Exogenous (ARMAX) model is used to create 
a simple and accurate model for vibration simulation. The calibrated ARMAX model is then used to identify 
various bolt-connection related damage scenarios via ܴଶ  value. The findings in this study suggest that the 
proposed time-domain approach is capable of identifying structural damage in a parsimonious manner and can 
be used as a quick or initial solution. 
 
KEYWORDS 
 
ARMAX, bolt connection, impact testing, structural health monitoring, time domain, steel frame. 
 
INTRODUCTION  
 
Large-span steel frame structures prove to be an ideal choice for their speed of construction, relatively low cost, 
strength, durability and structural design flexibility. For this type of structure, the beam-column connections are 
critical for its structural integrity and overall stability. This is because a steel frame generally fails first at its 
connectors, due to the change in stress redistribution with adjacent members and material related failures, 
caused by various factors such as fire, seismic activity or material deterioration. Since particular attention is 
required at a steel frame’s connection points, this study explores the applicability of a comprehensive structural 
health monitoring (SHM) method to identify early damage and prolong the lifespan of connection points of steel 
frames. As a solution to this method, a vast growth in research and development has taken place in this field 
through vibration-based methods.  
 
Vibration based methods within the field of SHM prove to be highly useful and advantageous compared with 
other SHM methods as it has the potential for global damage identification, and guarantees a non-destructive 
form of testing (Fugate et al. 2001). However, there is one major issue with this method, particularly in civil 
structures, where unlike in mechanical or aerospace engineering, the abstraction of unwanted and random noise 
is virtually impossible due to the sheer size of the test structures. Such disturbances lead to an unwanted change 
in the dynamic characteristics of the structure, a corruption of vibration responses of the structure. Many studies 
noted this difficulty as part of environmental and operational challenges of vibration based methods on civil 
structures (Chang et al. 2003). 
 
Impulse-based vibration to some extent addresses the noise issue. Rather than observing the structure’s dynamic 
response over long periods with relatively minor excitations, an impulse-based vibration produces a large 
vibration onto the structure which creates a sharp acceleration and short decay of response vibration on the test 
structure. 
 
With impulse-based vibration, currently the norm of identifying damage is to analyze the response in frequency 
domain (Carden and Fanning 2004; Fan and Qiao 2011). Frequency domain methods gained their popularity for 
their considerable precision and clarity in observing the damage-induced change in modal parameters. However, 
the frequency domain is not the raw recording of the structure’s dynamic response. In fact it requires the 
transformation of time-domain data (usually using FFT) to produce the frequency response function (FRF). This 
transformation requirement has two significant issues: 1) the required processing time to convert the raw time-
domain data to a frequency domain, and 2) damage indicting modal parameters obtained such as natural 
frequencies, mode shapes and modal damping are not directly relevant with time-varying systems (Majumder 
and Manohar 2003). The second limitation particularly has led to a rise in interests of damage identification in 
time-domain. (Wang and Hao;  Lai and Shankar 2007; Wang et al. 2013) 
 
Probably the first substantial research on this subject is seen with the paper Agbabian et al. (1991). This paper 
purposed to use time-domain analysis for structural damage identification and conducted an exploratory 
investigation on the potential of time-domain data analysis. It concluded that the method may prove to be an 
effective tool to gauge confidently the location and severity of damage on the test structure. Other more recent 
studies were able to identify the location and severity of structure damage only using time-domain data, 
represented with a damage index, ratio of stiffness of damaged state to intact state (Choi and Stubbs 2004). 
Furthermore, time-domain analysis was also seen to be combined with other methods such as with the 
Mahalanobis distance-based outlier detection algorithms (Gul and Catbas 2009). This study was unique as it was 
further supported with a number of experiments using a modified methodology using random decrement 
functions (Auto-regressive Moving Average - ARMA). Other noteworthy research includes (Cattarius and 
Inman 1997) which used the beat phenomena to observe small changes in time-domain response due to 
structural damage. Lastly, the study Majumder and Manohar (2003) utilized a FEM based time-domain data 
approach to identify damage in beam structures (bridge) subjected to a moving oscillator (vehicle). Authors 
commented that the necessity of the time-domain approach was due to its capability of a direct way of factoring 
in complex dynamic features arising out of the interactions of moving oscillator and the beam structure.  
 
There are various models for time series analysis. The simplest one is Auto-Regressive (AR) model, with an 
output linearly dependent on preceding values. When the system input is available, a nonlinear Auto-Regressive 
with Exogenous Input (ARX) Model can be constructed. The limitation with ARX model is the incapability to 
factor out the disturbances of the dynamic system. This is because the transfer functions (deterministic and 
stochastic) are expressed as polynomials which must have the same set of poles. This method would have been 
viable if the signal-to-noise ratio was kept at a constant, which is not the case for experimental data. 
Accordingly, a suitable expansion to this model is to incorporate the disturbances created from the dynamic 
system, which results in the Auto-Regressive Moving-Average with Exogenous Input model (ARMAX). The 
ARMAX model incorporating all aspects of the models AR, ARX and ARMA, which is a more general 
mathematical description to the nonlinear dynamical system with stochastic noise that incorporates the input 
parameters’ variation into the system model. (Likothanassis and Demiris 1998; Åkesson and Toivonen 2006; 
Fritzen 2006) 
 
This study will use the ARMAX model, focusing primarily on the method used in the previous study, Wang et 
al. (2013), which purposed an ARMAX model updating process using Finite Element Model (FEM) data for 
calibration and testing of data with numerical methods. This paper will provide a different perspective in 
investigating the potential of calibrated ARMAX models using experimental data exclusively.  
 
The calibration procedure of ARMAX models will rely on experimental results from a non-destructive impact 
hammer test conducted on a scale-model steel frame structure subjected to different bolt-connection damage 
scenarios. Then, the calibrated model will be tested for its capability in identifying an unlabeled set of 
experimental results.  
 
METHODOLOGY 
 
In this study, the methodology proposed has four key steps that together reach the primary objective of 
calibrating and testing an ARMAX model using experimental data. They can be summed as 1) Experimental 
Data Acquisition 2) Time-Domain Data Formatting & Averaging 3) Calibration of ARMAX Models 4) 
Structural Damage Identification (using a set of ‘unlabelled’ experimental results). 
 
Experimental Data Acquisition 
 
The test structure is a simple scale-model steel frame, as shown in Figures 1 and 2. The two connections of 
column-to-beam are made via two L-plates that bring together the top and bottom flanges of the beam with the 
column, using four bolt-connections per L-plate. Because of steel’s homogeneous material properties the test 
structure provides an excellent response acceleration of distinctive peak amplitude followed by a steady decay. 
 
 
 
Figure 1. Photograph of Test Structure (data from only 
one sensor are used for this study) 
 
Figure 2. Detailed view of Test Bolts that are 
unfastened in order to created bolt-connection 
damages 
 
A non-destructive impact hammer test was conducted on the steel frame in this study. The test setup is depicted 
with a schematic in Figure 3. The testing procedure comprised of three test scenarios. The first scenario was the 
intact structure (i.e. all bolts fully fastened), followed by the second where Bolts 1 and 2 were unfastened, and 
last scenario involved Bolts 1 to 4 all unfastened. The unfastening of bolts meant that a minimum clearance of 
10mm was created between the nut and washer, thus creating an ineffective bolt connection, however still 
remaining in its respective slot. The impact strike was performed four times per test variable, where three 
recordings were used for ARMAX model calibration, and the fourth recording was used as ‘Test-Inputs’ for 
verifying the proposed method. 
 
In regards to dynamic signal acquisition, recordings were made via a multi-channel signal acquisition module 
(NI PXIe-4492), set to a sampling rate set of 20kHz and recording timeframe of 4 seconds. Two time-domain 
measurements were taken for each strike, first one from the piezoelectric sensor fitted impact hammer (impulse 
force) (Endevco 2304) and second the response acceleration of the structure picked up via an accelerometer 
attached onto the top flange of the beam (Endevco 61C13).  
 
 
Figure 3. Experimental Setup (Schematic) (1) Impact Hammer (2) Accelerometer (3) High-Frequency Dynamic 
Data Acquisition Module (4) C.P.U 
 
  
(4) 
(2) 
(3) 
(1) 
Time-Domain Data Formatting & Averaging 
 
Upon experimental data acquisition, preliminary data formatting was required prior to ARMAX model 
calibration. The data formatting procedure comprised of 1) shifting on time-domain of all measured data so that 
it starts at its peak amplitude 2) cropping of timeframe from 3 seconds to 0.1seconds 3) Dividing each data point 
with modulus of global maximum, i.e. standardizing amplitude 4) taking average plot of 3 strikes for each test 
variable 5) outputting averaged signal data as signal column list of data points at a sampling rate of 20kHz and 
timeframe of 0.1 seconds. Typical experimental data after formatting are shown in the following figure. 
 
From sub-step 3 of this process, the signals recorded from the hammer sensor are irrelevant and discarded for 
this study.   
 
 
(a)Intact Structure (b)Bolts 1&2 Unfastened (c) Bolts 1-4 Unfastened 
Figure 4. Plots of Experimental Data Measured and Formatted (all 3 test variables) 
 
Calibration of ARMAX Models 
 
A similar ARMAX model calibration method is used as in Wang et al. (2013), with the difference being the 
system inputs. The ARMAX model selected is highly suitable in calibrating with, and later simulating the 
structural dynamic response on the time-domain as it can factor in the inherent nonlinearity and complexity. The 
block diagram in Figure 5 presents the nonlinear ARMAX model. In order to guarantee smoothness and 
differentiability, a pair of sigmoid functions is used, where ݏ௜൫ݑ(ݐ)൯, ݅ = 1, ܭ, ݊, are selected. 
 
 
Figure 5. Block Diagram of Single Input – Single Output Nonlinear ARMAX System 
 
The following defines and elaborates the parameters presented in the above ARMAX block diagram. Firstly, at 
its most basic form, the input-output relationship of the nonlinear ARMAX model can be written as: 
 
ݕ(ݐ) = ݔ(ݐ) + ݓ(ݐ) (1)
defining parts ݔ(ݐ) & ݓ(ݐ) 
ݔ(ݐ) = ܩ(ݖ)ݑᇱ(ݐ) = ܤ(ݖ)ܣ(ݖ) ݑ
ᇱ(ݐ) (2a)
ݑᇱ(ݐ) =෍ܿ௜ݏ௜൫ݑ(ݐ)൯
௡
௜ୀଵ
 (2b)
ݓ(ݐ) = ܰ(ݖ)ݒ(ݐ) = ܦ(ݖ)ܣ(ݖ) ݒ(ݐ) (3)
ܣ(ݖ) = 1 +෍ܽ௜ݖିଵ	;	
௠
௜ୀଵ
ܤ(ݖ) =෍ܾ௜ݖିଵ ;
௠
௜ୀଵ
ܦ(ݖ) = 1 +෍݀௜ݖିଵ
௠೏
௜ୀଵ
 (4)
where 
ݔ(ݐ) : true output (immeasurable) 
ݑ′(ݐ) : inner variable (immeasurable) 
ݑ(ݐ) : system input (experimental data) 
ݕ(ݐ) : measureable output  
ݓ(ݐ) : system input disturbance 
ݒ(ݐ) : white-noise 
ܩ(ݖ) : transfer function of linear part 
ܰ(ݖ) : noise part of model 
 
substituting Eq.s 2-4 into Eq. 1, yields the following recursive equation: 
ݕ(ݐ) +෍ܽ௜ݖି௜ݕ(ݐ) =
௠
௜ୀଵ
෍ܾ௜ݖି௜ݑ′(ݐ)
௠
௜ୀଵ
+ ݒ(ݐ) +෍݀௜ݖି௜ݒ(ݐ)
௠೏
௜ୀଵ
 (5)
or 
ݕ(ݐ) = −෍ܽ௜ݕ(ݐ − ݅) +
௠
௜ୀଵ
෍ܾ௜ݑ′(ݐ − ݅)
௠
௜ୀଵ
+ ݒ(ݐ) +෍݀௜ݒ(ݐ − ݅)
௠೏
௜ୀଵ
 (6)
												⇒ ݕ(ݐ) = −෍ܽ௜ݕ(ݐ − ݅) +
௠
௜ୀଵ
෍ܾ௜
௠
௜ୀଵ
෍ܿ௜ݏ௜൫ݑ(ݐ − ݅)൯
௡
௜ୀଵ
+ ݒ(ݐ) +෍݀௜ݒ(ݐ − ݅)
௠೏
௜ୀଵ
 (7)
 
can be re-written as (Ding and Chen 2005) 
ݕ(ݐ) = ߮଴்(ݐ)ߠ + ݒ(ݐ) (8)
With ߮଴்(ݐ) and ߠ representing the known and unknown part of the regression model, respectively. Since ݒ(ݐ) is 
a white Gaussian noise, the best output prediction of Eq. 7, in mean square sense, is 
ݕො(ݐ) = ߮଴்(ݐ)ߠ෠ (9)
by defining a cost function 
ܬ൫ߠ෠൯ = ෍ ሾݕ(݅) − ݕො(݅)ሿଶ
௧
௜ୀ௧ି௣ାଵ
= ෍ ൣݕ(݅) − ߮଴்(ݐ)ߠ෠൧ଶ = ฮܻ(ݐ) − Φ(ݐ)ߠ෠ฮଶ
௧
௜ୀ௧ି௣ାଵ
 (10)
 
where 
ܻ(ݐ) = ൦
ݕ(ݐ)
ݕ(ݐ − 1)
⋮
ݕ(ݐ − ݌ + 1)
൪ , Φ(ݐ) =
ۏ
ێ
ێ
ۍ ߮଴் (ݐ)߮଴் (ݐ − 1)
⋮
߮଴் (ݐ − ݌ + 1)ے
ۑ
ۑ
ې
 (11)
 
which yields 
݀ ቀܬ൫ߠ෠൯ቁ
݀ߠ෠ = −2Φ
்(ݐ)ൣܻ(ݐ) − Φ(ݐ)ߠ෠൧ (12)
 
taking the integral of Eq. 12 and equating to zero 
݀ଶ ቀܬ൫ߠ෠൯ቁ
݀(ߠ෠)ଶ = Φ(t)Φ
୘ (t) ≥ 0 (13)
Eq. 13 satisfies the necessary conditions for the existence of a local minimum for the unconstrained optimization 
problem (Gill et al. 1981), which now yields the following the optimal least squares updating law for ߠ෠ as 
ߠ෠ = ൫Φ்(ݐ)Φ(ݐ)൯ିଵ Φ் (ݐ)ܻ(ݐ) 
 
(14)
The updating algorithm defined above shall be used throughout the construction and calibration of the nonlinear 
ARMAX models. In contrast to Wang et al. (2013) with FEM calibrated ARMAX modelling, this study is to 
calibrate the ARMAX models using the set of three experimental measurements (time-domain) obtained in the 
first step, Experimental Data Acquisition. As each time-domain measurement in this set is a unique structural 
damage scenario, an ARMAX model is calibrated three times in order to achieve a best-fit for its experimental 
measurement. The calibration procedure for each damage scenario is done so with an iteration program where 
the four non-linear model defining parameters are tuned until a value higher than the set minimum coefficient of 
determination value (hereforth written as ܴଶ) is achieved (Eq. 15). The tuned parameters are 1) the positive 
integers that specify model orders, that is number of zeros and number of poles (with 0 value for input delay) 2) 
an input-output nonlinearity estimate using a Sigmoid network nonlinearity estimator for both.  
ܴଶ > 0.75 (15)
 
Structural Damage Identification 
 
The experimentally calibrated ARMAX model establishes a mathematically defined description of each 
structural damage scenario in time-domain. In order to test the trained ARMAX model, the second experimental 
set, referred to as earlier ‘Test-Inputs’ is retrieved and inputted into the trained ARMAX. This Test-Input data 
consists of one time-domain signal per damage scenario, thus the ARMAX model for its three set of calibrated 
parameters. 
 
One at a time, a random Test-Input is retrieved and fitted onto each of the three ARMAX model parameters. 
Output data presents three ܴଶ values, based on the fits per each model parameter. The maximum ܴଶ is taken to 
be the damage scenario of the test experimental data. Additionally all three ܴଶ values are further analyzed in 
regards to the reliability of the damage scenario identified by the ARMAX model.  
 
RESULTS AND DISCUSSIONS 
 
The results of this paper can be divided into two parts: 1) calibration fitting-results of ARMAX model 
parameters 2) structural damage identification.  
 
For the first part, the calibration procedure was handled with a convergence criterion based on the ܴଶ-value for 
each test variable time-domain data vs. ARMAX model with adjusted parameters. In order to achieve the 
minimum set criterion (Eq. 15), a programmed iteration procedure was used. This procedure obtained the best 
possible fit by manipulating the polynomial orders	݉, ݊ and	݉ௗ (Eq. 7) in a range between 5 and 48. The upper 
limit for polynomial order was set to 48 in order to avoid over-fitting which was observed when values ݉ and ݊ 
were greater than 50. Figures 6 to 8 and Table 1 depict graphically and numerically the fitting of the calibrated 
ARMAX model for the three test variable inputs (original experimental results). 
 
An ARMAX model was determined with all parameters meeting the minimum convergence criterion of 
ܴଶ 	> 0.75. By modifying the ARMAX model parameters, mainly increasing the polynomial order for two the 
transfer functions, an even higher level of fitting can be attained. But this is deemed undesirable beyond a 
certain point, as over-fitting is directly observed. Preliminary results from Table 1 suggest a well fitted model 
covering all parameters inputted. It is noted, however, the model’s true effectiveness with damage identification 
can only be fully evaluated after having observed its comparative fitting values in part two of results.  
 
 
(a) Experimental Data: Intact Structure (b) Calibrated ARMAX Model: Intact Structure 
Figure 6. Plots for ‘Intact Structure’ Test Variable with Experimental Data and ARMAX Model Output 
 
 
 
(a) Experimental Data: Intact Structure (b) Calibrated ARMAX Model: Intact Structure 
Figure 7. Plots for ‘Bolts 1&2 Unfastened’ Test Variable with Experimental Data and ARMAX Model 
Output 
 
 
 
(a) Experimental Data: Intact Structure (b) Calibrated ARMAX Model: Intact Structure 
Figure 8. Plots for ‘Bolts 1-4 Unfastened’ Test Variable with Experimental Data and ARMAX Model Output
 
  
Table 1. ARMAX Model Calibration Results 
Structural Damage Scenario Description 
Fit Assessment 
of Calibrated 
ARMAX Model 
(ܴଶ) 
SDS-1 Intact Structure 0.8444 
SDS-2 Bolts 1&2 Unfastened 0.8487 
SDS-3 Bolt 1to4 Unfastened 0.9022 
 
The second part of results presents the comparative fitting procedure in order to identify the damage scenario 
using the calibrated ARMAX model. The test-inputs are used to determine the calibrated ARMAX model 
parameters’ potential in identifying the correct damage scenario. With every test-input a direct comparison is 
made between the test data versus the three model parameters, presented with a ܴଶ  value. Table 2 below 
presents the results of this iterative comparison procedure, with the highest value taken as the best-fit, therefore 
the identified damage scenario.  
 
Table 2. Damage Identification Results: Comparison of Test Input vs. Calibrated ARMAX Model  
Comparison 
Procedure Test-Input 
Fit Assessment of Calibrated ARMAX 
Model Damage Scenarios vs. Test-Inputs 
(ܴଶ) 
SDS-1 SDS-2 SDS-3 
CP-1 Intact Structure 0.7930 0.4626 0.5149 
CP-2 Bolt 1&2 Unfastened 0.6769 0.8212 0.6195 
CP-3 Bolt 1&2&3&4 Unfastened 0.5682 0.5842 0.8890 
 
From Table 2 it is seen that the calibrated ARMAX model correctly identifies each test-input to its structural 
damage scenario with the maximum ܴଶ values matching the calibrated structural damage scenario.  
 
In further evaluation of the damage identification results in Table 2, a confidence margin can be established 
indicating the reliability of the damage identification result by comparing the difference in the two largest ܴଶ 
values. In an ideal damage identification result (highly reliable identification), the size in difference of these two 
values would be substantial, directly dictating the confidence margin of the result. 
 
Table 3. Confidence Margins for Damage Identifications made by Calibrated ARMAX Model 
Damage Identification 
Comparison Procedure 
Largest ܴଶ Value 
(percentage) 
Second Largest 
ܴଶ Value 
(percentage) 
Confidence 
Margin 
(percentage) 
CP-1 0.7930 0.5149 0.2781 
CP-2 0.8212 0.6769 0.1443 
CP-3 0.8890 0.5842 0.3048 
  Mean 0.2424 
 
Table 3 presents the confidence margins for each damage identification comparison procedure and final mean 
confidence margin. Evaluating the confidence margin values, the minimum is observed at CP-2. Even with this 
minimum confidence margin, the calibrated ARMAX model is deemed successful in identifying all Test-Inputs’ 
damage scenarios correctly and with sufficient reliability of results for a decisive conclusion.  
 
It should be noted that in this study the ARMAX model relies exclusively on experimental measurements, 
making it highly sensitive to test condition. Particularly, signal pollution of experimental data through unwanted 
noises may lead to incorrect damage identification results. Therefore, it is suggested to be used together with 
other techniques for more rigorous damage identification. 
 
CONCLUSIONS 
 
In this paper an experimentally calibrated ARMAX model was developed and tested for the potential to analyse 
time-domain response data from a steel frame test structure that was subjected to various bolt-connection 
damage scenarios. The experimentally calibrated ARMAX model technique was proposed as a fast and effective 
methodology in identifying structural damage by overcoming the requirement to perform a transformation 
process of time-domain signal to a FRF in order to analyse the change in resonant frequencies and mode shapes. 
The calibrated ARMAX model was successful, in identifying the structural damage scenario of Test-Inputs in 
regards to its calibrated structural damage condition, thus deeming this technique using time-domain approach 
applicable. The most prominent advantage of the ARMAX model technique was that it presented a 
mathematical model that is both definable and directly observable in its parameters’ components.  
 
This study supports the potential for the use of calibrated ARMAX modelling technique on time-domain, for 
structural damage identification. The proposed method would work best as a supplement for rigorous damage 
identification techniques using modal parameters extracted from FRFs. 
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